Many inducible genes in yeast are targeted to the nuclear pore complex when active. We find that the peripheral localization of the INO1 and GAL1 genes is regulated through the cell cycle. Active INO1 and GAL1 localized at the nuclear periphery during G1, became nucleoplasmic during S-phase, and then returned to the nuclear periphery during G2/M. Loss of peripheral targeting followed the initiation of DNA replication and was lost in cells lacking a cyclindependent kinase (Cdk) inhibitor. Furthermore, the Cdk1 kinase and two Cdk phosphorylation sites in the nucleoporin Nup1 were required for peripheral targeting of INO1 and GAL1. Introduction of aspartic acid residues in place of either of these two sites in Nup1 bypassed the requirement for Cdk1 and resulted in targeting of INO1 and GAL1 to the nuclear periphery during S-phase. Thus, phosphorylation of a nuclear pore component by cyclin dependent kinase controls the localization of active genes to the nuclear periphery through the cell cycle.
INTRODUCTION
Chromatin is spatially organized within the nucleus. At a global level, chromosomes fold into stereotypical patterns. In many organisms, chromosomes assume a Rabl conformation in which telomeres cluster together at one pole of the nucleus and centromeres colocalize with the nuclear envelope at the opposite pole (Rabl, 1885; Marshall et al., 1996) . In differentiated metazoan cells, chromosomes fold back on themselves and occupy distinct "territories" (Cremer et al., 2006) . The spatial organization of the genome is reproducible and correlates with cell type and differentiation status, suggesting either that it is a product of transcriptional state or that it plays a role in regulating transcription.
In addition to the more global organization of chromosomes, the localization of individual genes can be coupled to their transcription. A number of developmentally regulated genes relocalize with respect to nuclear landmarks such as the nuclear periphery during differentiation (Kosak et al., 2002; Chuang et al., 2006; Ragoczy et al., 2006) . We have used the recruitment of inducible genes to the nuclear periphery in the yeast S. cerevisiae as a model for these phenomena. Genes such as INO1 and GAL1 relocalize from the nucleoplasm to the nuclear periphery upon activation (Brickner and Walter, 2004; Casolari et al., 2004 Casolari et al., , 2005 Menon et al., 2005; Dieppois et al., 2006; Taddei et al., 2006) . Recruitment to the nuclear periphery is rapid, correlates with a physical interaction with the nuclear pore complex (NPC), and requires protein components of the NPC (Casolari et al., 2004; Cabal et al., 2006; Dieppois et al., 2006; Brickner et al., 2007; Luthra et al., 2007; Ahmed et al., 2010) . Potentially related phenomena have been observed in Drosophila and mammalian cells (Mendjan et al., 2006; Kurshakova et al., 2007; Brown et al., 2008) . Peripheral localization has been proposed to promote transcription (Brickner and Walter, 2004; Menon et al., 2005; Taddei et al., 2006) or to couple transcription with mRNA processing and export (Blobel, 1985; Casolari et al., 2005; Dieppois et al., 2006) . Targeting of the INO1 gene to the nuclear periphery is not dependent on transcription (Brickner et al., 2007) , but is controlled by DNA "zip codes" in the promoter and promotes transcription (Ahmed et al., 2010) .
An important aspect of gene recruitment to the nuclear periphery that has not been addressed to date is how it changes through the cell cycle. Because yeast undergoes a closed mitosis, it is possible for chromosomal loci to remain associated with the nuclear envelope throughout the cell cycle. However, the spatial organization of the genome might also be regulated to accommodate episodic events such as DNA replication and repair, chromosome condensation, and chromosome segregation. Consistent with this notion, telomeres localize at the nuclear periphery in G1, S-phase, and mitosis, but lose peripheral localization during G2 (Laroche et al., 2000; Hediger et al., 2002; Ebrahimi and Donaldson, 2008) . Loss of telomere localization at the nuclear periphery occurs after DNA replication and is due to loss of Ku binding to telomeres (Ebrahimi and Donaldson, 2008) . However, it is unclear how the regulators of the cell cycle impinge upon Ku binding.
A number of the nuclear pore proteins that are required for peripheral localization of genes are phosphorylated by the master regulator of the cell cycle, cyclin-dependent kinase (Cdk1; Cdc28 in Saccharomyces cerevisiae). We hypothesized that Cdk1 might regulate gene localization through the cell cycle by phosphorylation of nuclear pore components.
We find that, unlike telomeres, active INO1 and GAL1 localize at the nuclear periphery during G1 and G2/M, but localize to the nucleoplasm during S-phase. Loss of peripheral localization of these genes occurs after the initiation of DNA replication and was not observed in mutants lacking the Cdk inhibitor Sic1. Peripheral localization of INO1 and GAL1 during G1 and G2/M requires Cdk1. Phosphorylation of two sites in the nuclear pore protein Nup1 is necessary to promote peripheral targeting of active INO1 and GAL1. Mutations that mimic phosphorylation of either of these sites bypass the requirement for Cdk1 in gene localization. These results provide important insight into the functional significance of Cdk1 phosphorylation of a nuclear pore component and suggest that phosphoregulation of the NPC may function to coordinate DNA localization and transcription of highly expressed genes with DNA replication, repair, and segregation.
MATERIALS AND METHODS

Chemicals and Enzymes
All chemicals unless noted otherwise were from Sigma Aldrich (St. Louis, MO). Alpha factor was from Zymo Research (Orange, CA). Yeast media components were from Sunrise Science Products (San Diego, CA). Unless noted otherwise, restriction enzymes and DNA-modifying enzymes were from New England Biolabs (Ipswich, MA). Rabbit anti-green fluorescent protein (GFP) antibody, goat anti-mouse-Alexafluor 594 and goat anti-rabbit Alexafluor 488 were from Invitrogen (Carlsbad, CA). Anti-myc mouse mAb was from Santa Cruz Biotechnology (Santa Cruz, CA).
Yeast Genetics and Growth Conditions
All yeast strains used in this study are listed in Table 1 . Null mutant strains were constructed in W303 strain CRY1 using a PCR-based strategy as described (Longtine et al., 1998) . Conditional cdc6-1, cdc20-1, and cdc28-1 mutants were introduced into the W303 background by backcrossing American Type Culture Collection strains 208547 (cdc6-1), 208581 (cdc20-1), and 208591 (cdc28-1) by at least five rounds of backcrossing with W303 strains CRY1 or CRY2. Strains used for microscopy were transformed with pAFS144 , pRS304-Sec63-myc (Brickner et al., 2007) , and either p6LacO128-INO1 (Brickner and Walter, 2004) or p6LacO128-GAL1 (Brickner et al., 2007) . For Figure 1E , the strain was transformed with plasmid pGFP-FFAT-LacI (Brickner and Walter, 2004) instead of pAFS144.
For all experiments, cells were grown in synthetic, defined medium (SDC; Burke et al., 2000) . Cells grown under activating conditions for INO1 were grown in SDC-inositol. Cells grown under activating conditions for GAL1 were grown in SGC. Cells grown under repressing conditions for either INO1 or GAL1 were grown in SDC. Except for experiments involving temperaturesensitive mutants, cells were grown at 30°C. For experiments with temperature-sensitive strains, the permissive temperature was 22°C and the restrictive temperature was 37°C. 
Molecular Biology
All oligonucleotides used in this study are listed in Table 2 . The NUP1 gene and ϳ500 base pairs 5Ј and 3Ј of the coding sequence was amplified by PCR using primers NUP1F and NUP1R from yeast genomic DNA. The PCR product was TA TOPO-cloned (Invitrogen) and then moved as a BamHI-NotI fragment into pRS305 (Sikorski and Hieter, 1989) . The mutant versions of NUP1 were made using PCR-based mutagenesis in pRS305-NUP1. Mutations were confirmed by DNA sequencing. These plasmids were integrated at the LEU2 locus in nup1⌬ strain (see Figures 5 and 6 ) or a NUP1 strain ( Figure S4 ) by digestion with AflII and transformation into yeast. Transformants were selected on plated lacking leucine. The CDC28 gene and ϳ500 base pairs 5Ј and 3Ј of the coding sequence was amplified by PCR using primers CDC28F and CDC28R from yeast genomic DNA and TA TOPO-cloned. The gene was then moved as a BamHI-NotI fragment into pRS305 to create pRS305-CDC28. This plasmid was integrated at the LEU2 locus by digestion with BsrGI and transformation into yeast. Transformants were selected on plated lacking leucine.
Chromatin Localization Assay
Chromatin localization assay was performed as described Brickner and Walter, 2004) . Briefly, cells having the lac repressor array integrated at either INO1 or GAL1 (Brickner et al., 2007) and expressing both the lac repressor fused to GFP and Sec63-myc were grown under activating conditions (SDC-inositol for INO1 or SGC for GAL1) or repressing conditions (SDC for both INO1 and GAL1). Cells were harvested by centrifugation, resuspended in cold 100% methanol and incubated at Ϫ20°C for Ն20 min. Cells were spheroplasted with lyticase, detergent-extracted, and placed in polylysine-treated wells. Fixed spheroplasts were stained with anti-myc and anti-GFP antibodies. After staining with secondary antibodies, the cells were visualized on a Zeiss Pascal line-scanning confocal microscope (Thornwood, NY) .
For experiments in which we examined all of the cells, the budding morphology was ignored and the localization of the GFP spot was scored in each cell with respect to the nuclear envelope (Brickner and Walter, 2004) . For cells in which we scored each budding class, the localization of the GFP spot with respect to the nuclear envelope was scored and then the size of the bud was determined by scanning through the entire cell in the z dimension and examining the Sec63-myc staining. Cells lacking a visible bud were classified as unbudded G1 cells. Cells having a small, spherical bud with a diameter one third or less of the long axis of the mother cell were classified as small-budded S-phase cells. Cells having an ovoid bud with a diameter more than one-third of the long axis of the mother cell but having only one nucleus were classified as G2/M cells. For each experiment and each class, 30 -50 cells were scored. For all experiments, three or more biological replicates were performed.
Centrifugal Elutriation
Wild-type and sic1⌬ cells were grown in SDC-inositol to OD 600 ϳ0.7 at 30°C and shifted for 1 h to 20°C. Using a Masterflex L/S peristaltic pump (Cole Parmer, Chicago, IL), cells were flowed into a Beckman TE-5.0 elutrator chamber, spinning at 3000 rpm in Beckman J-6M/E centrifuge (Fullerton, CA). Fresh SDC-inositol was then pumped through the chamber, and the flow rate was slowly increased until unbudded cells were visualized under the microscope. Fractions were collected over ϳ15 min. The cells were concentrated by filtration and resuspended in 10 ml of fresh SDC-inositol. Elutriated cells (1 ml) were collected at various times, fixed in methanol, and processed for immunofluorescence.
RESULTS
Localization of Active INO1 and GAL1 Is Regulated through the Cell Cycle
We used a quantitative chromatin localization assay to monitor the localization of genes with respect to the nuclear periphery in yeast (Brickner and Walter, 2004; Brickner et al., 2010) . This assay uses a gene-marking system developed by Belmont and colleagues Straight et al., 1996) . In this approach, an array of lac repressor binding sites is integrated adjacent to the gene of interest in a yeast strain expressing the lac repressor fused to GFP. We then perform immunofluorescence and confocal microscopy to quantify the fraction of the population in which the GFP spot colocalized with the nuclear envelope (Brickner and Walter, 2004) . Nucleoplasmically localized genes like URA3 colocalize with the nuclear envelope in ϳ27% of the cells in the population (this baseline is denoted by the blue hatched line in Figures 1-6; Brickner and Walter, 2004) . Before activation, the INO1 and GAL1 genes localize in a pattern similar to URA3; they colocalize with the nuclear envelope in Table 2 . Primers used in this study Name Sequence (5Ј to 3Ј)
Vol. 21, October 1, 2010ϳ30% of cells in the population (Brickner and Walter, 2004; Casolari et al., 2004; Brickner et al., 2007) . However, upon activation, these genes are rapidly recruited to the nuclear periphery and colocalize with the nuclear envelope in ϳ65% of the cells in the population (Brickner and Walter, 2004; Brickner et al., 2007) . More stably tethered loci such as telomeres or artificially tethered genes localize at the nuclear periphery in ϳ80% of cells using this assay (our unpublished results; Brickner and Walter, 2004) . Therefore, the dynamic range of this assay for localization of any given locus to the nuclear periphery in yeast is 25-80% of the cells in the population (Brickner et al., 2007) . Using a modified version of this assay, we asked if the localization of active genes to the nuclear periphery was constant through the cell cycle. In budding yeast, the morphology of the cells correlates with the cell cycle stage (Hartwell et al., 1970) . Recently separated daughter and mother cells in G1 do not have visible buds. S-phase cells possess a small, spherical bud with a diameter one-third or less of the long axis of the mother cell. Before cell division, G2 cells possess a large, ovoid bud with a long axis one-third or more of the long axis of the mother. Thus, within a mixed population of cells, bud size serves as a reasonable proxy for cell cycle stage. Because Sec63 marks both the nuclear envelope and the cell cortex (i.e., the cortical endoplasmic reticulum), we were able to determine both the position of the gene with respect to the nuclear envelope and the budding morphology for each cell ( Figure 1A ). We used this approach to quantify the fraction of unbudded (G1), small-(S), or largebudded (G2/M) cells in which INO1 or GAL1 colocalized with the nuclear envelope ( Figure 1 , B and C). Both INO1 and GAL1 localized at the nuclear periphery in ϳ70% of the unbudded and large-budded cells under activating conditions ( Figure 1, B and 1C) . However, INO1 and GAL1 localized at the nuclear periphery in only ϳ30% of small-budded cells (Figure 1 , B and C), suggesting that active INO1 and GAL1 were not targeted to the nuclear periphery during S-phase. The change in localization between unbudded and small-budded cells was highly significant (using a twotailed t test, p Ͻ 0.0001 for INO1; p ϭ 0.0047 for GAL1), as was the change between small-and large-budded cells (p ϭ 0.003 for INO1; p ϭ 0.005 for GAL1).
The loss of peripheral localization during S-phase could be due to either a specific regulation of gene recruitment or to a dominant, nonspecific effect of DNA replication. We therefore tested if DNA replication nonspecifically disrupts peripheral localization by examining the localization of a form of INO1 that is artificially tethered to the nuclear envelope during S-phase. In a strain having a lac repressor array beside INO1 and expressing a nuclear envelope-bound lac repressor, the INO1 gene is very efficiently tethered to the nuclear envelope (GFP-FFAT-LacI; Supplementary Figure  S1 ; Brickner and Walter, 2004; Brickner et al., 2007) . The tethered INO1 gene localized at the nuclear periphery in ϳ80% of cells during all cell cycle stages ( Figure 1E ), indicating that DNA replication is not sufficient to disrupt (artificial) peripheral localization. This is consistent with the observation that telomeres can be replicated at the nuclear periphery (Ebrahimi and Donaldson, 2008) . Therefore, loss of peripheral localization of active genes is more likely due to regulation of gene targeting by the cell cycle machinery.
Loss of Peripheral Localization Occurs after the Initiation of DNA Replication
To more precisely determine when gene recruitment to the nuclear periphery is lost, we examined the localization of active INO1 and GAL1 in cells arrested at three points in the cell cycle: during mitosis, at the G1/S transition and during S phase. To arrest cells during mitosis, we treated cells with the tubulin depolymerizing drug nocodazole. This treatment results in activation of the spindle checkpoint cell cycle arrest (Kunkel, 1980; Hardwick and Murray, 1995) . In cells arrested with nocodazole, both INO1 and GAL1 localized at the nuclear periphery in ϳ65% of the cells (Figure 2, A and 2B ). We also arrested cells in metaphase using a cdc20-1 temperature-sensitive mutant. Cdc20 is an essential activator of the anaphase-promoting complex and is required for cells to proceed through metaphase (Visintin et al., 1997; Hwang et al., 1998) . At the permissive temperature, INO1 and GAL1 localized at the nuclear periphery in the cdc20-1 mutant. Consistent with the nocodazole arrest, when cdc20-1 cells were arrested at the restrictive temperature, both INO1 and GAL1 localized at the nuclear periphery in Ͼ65% of the cells in the population (Figure 2, A and B) . Thus, INO1 and GAL1 localize at the nuclear periphery during mitosis.
We next examined the localization of INO1 and GAL1 in cells arrested at the G1/S transition. To arrest cells, we used a cdc6-1 temperature-sensitive mutant. Cdc6 is a component of the prereplication complex that is essential for the initiation of DNA replication (Cocker et al., 1996) . Inactivation of Cdc6 results in cell cycle arrest immediately before the initiation of DNA replication (Cocker et al., 1996) . At the both the permissive temperature and the restrictive temperature, INO1 and GAL1 localized at the nuclear periphery in cdc6-1 mutant cells (Figure 2, D and E) . This suggested that the loss of peripheral localization occurs after the G1/S transition.
To arrest cells during S-phase, we treated with hydroxyurea, which inhibits ribonucleotide reductase, depleting deoxynucleotide pools and activating the DNA damage checkpoint after DNA replication has initiated (Young and Hodas, 1964; Hartwell and Weinert, 1989; Hartwell et al., 1994) . In cells treated with hydroxyurea, both INO1 and GAL1 localized to the nucleoplasm (Figure 2, G and H) . Thus, consistent with the experiments in which we classified cells from an asynchronous population, the loss of peripheral localization correlates with DNA replication.
To confirm that the loss of peripheral targeting of active genes occurred at a unique moment of the cell cycle, we also monitored the localization of INO1 over time in synchronized populations after release from nocodazole (mitotic arrest), cdc6-1 arrest (G1/S arrest), or hydroxyurea (S-phase arrest). In cells released from mitotic arrest, the INO1 gene remained peripheral for ϳ40 min before localizing to the nucleoplasm ( Figure 2C ). In cells released from G1/S arrest, the localization of INO1 to the nuclear periphery was immediately lost; the gene localized to the nucleoplasm within 5 min of release, remained nucleoplasmic for ϳ20 min before returning to the nuclear periphery ( Figure 2F ). Finally, in cells released from S-phase arrest, we observed a gradual relocalization to the nuclear periphery ( Figure 2I ). The relocalization in cells released from hydroxyurea was slower than in cells released from a cdc6-1 arrest, perhaps reflecting time required to synthesize dNTPs to allow the completion of DNA replication. Taken together, these observations show that loss of peripheral targeting of INO1 and GAL1 occurred during a specific, ϳ20 -30-min period during Sphase after the initiation of DNA replication.
Cdk Inhibitors Impact Gene Localization through the Cell Cycle
To probe the mechanism that regulates the peripheral localization of active genes through the cell cycle, we characterized the effects of loss of a number of nonessential cell cycle regulators on the localization of INO1. Mutants lacking these proteins had no effect on the targeting of INO1 to the nuclear periphery in an asynchronous population ( Figure S2 ). However, in mutants lacking the Cdk inhibitor Sic1, the INO1 gene localized at the nuclear periphery in small-budded cells ( Figure 3A ). This suggested that the loss of peripheral localization during S-phase did not occur in the absence of Sic1. However, because sic1⌬ mutants have a very short G1 phase, it was also possible that, in these mutants, the correlation between cell cycle stage and bud morphology was disrupted (Schneider et al., 1996) . Therefore, as a complementary approach, we followed the localization of INO1 in cells synchronized in G1 by centrifugal elutriation (Gordon and Elliott, 1977) . This approach allows isolation of newborn daughter cells by their size and shape. In wild-type daughters purified by elutriation, INO1 localized to the nuclear periphery in Ͼ65% of the cells for ϳ40 min, after which it relocalized to the nucleoplasm for ϳ20 min ( Figure 3B ). This is consistent with the expected duration of G1 for newborn daughters (ϳ37 min; Brewer et al., 1984) and with the time course observed after release from nocodazole ( Figure 2C ). However, in the sic1⌬ strain, the INO1 gene localized at the nuclear periphery in Ͼ65% of the cells throughout the time course ( Figure 3B ). Thus, loss of Sic1 led to loss of cell cycle regulation of INO1 gene targeting to the nuclear periphery.
Because the relocalization of INO1 to the nucleoplasm was lost in the absence of a Cdk inhibitor, we hypothesized that Cdk-mediated phosphorylation of a particular substrate might promote gene targeting to the nuclear periphery. To further explore this possibility, we asked if induction of a different Cdk inhibitor would have the same effect. Yeast cells exposed to mating pheromone (alpha factor) induce a signal transduction cascade that results in cell cycle arrest (Herskowitz, 1995; Schwartz and Madhani, 2004) . Pheromone-treated cells arrest at "Start" in G1 due to the activation of Far1, a Cdk inhibitor that inhibits Cdk1/Cln activity (Peter and Herskowitz, 1994) . We asked if activation of Far1 at a point in the cell cycle when INO1 normally localizes at the nuclear periphery would disrupt peripheral targeting. In cells arrested at Start with alpha factor, the INO1 gene did not localize to the nuclear periphery ( Figure 3C ). This effect required the alpha factor receptor, Ste2 ( Figure 3C ) and Far1 (not shown). Localization of the GAL1 gene to the nuclear periphery was also lost in cells arrested with alpha factor (Supplementary Figure S3) . Thus, activation of a Cdk inhibitor at a stage of the cell cycle when INO1 and GAL1 would normally localize to the nuclear periphery resulted in relocalization of both genes to the nucleoplasm.
We next monitored the localization of INO1 after release from mating pheromone arrest ( Figure 3D , bottom and top panels, respectively). Fifteen minutes after the cells were released from pheromone, INO1 again localized to the nuclear periphery. However, as the population shifted from unbudded G1 cells to small-budded S-phase cells, the INO1 gene lost peripheral localization for ϳ20 min ( Figure 3D ). Finally, as the population transitioned from small-to largebudded cells, the INO1 gene was targeted again to the nuclear periphery. These results suggest that inhibition of Cdk activity by either Far1 or Sic1 leads to loss of localization to the nuclear periphery, suggesting that Cdk activity promotes peripheral targeting. However, because Sic1 protein levels drop during S-phase (Donovan et al., 1994) , we think it is unlikely that Sic1 directly antagonizes Cdk to inactivate peripheral targeting (see Discussion). Rather, we think that the loss of Sic1 leads to elevated Cdk activity and elevated phosphorylation of Cdk substrates and that this leads to increased targeting of INO1 to the nuclear periphery during S phase.
Cdk1 Activity Is Required for Targeting of Genes to the Nuclear Periphery
To test if Cdk activity promotes targeting of INO1 and GAL1 to the nuclear periphery, we examined the effect of inactivation of a temperature-sensitive allele of Cdk1, encoded by CDC28 in budding yeast. At the permissive temperature of 22°C, INO1 and GAL1 localized at the nuclear periphery in the cdc28-1 mutant ( Figure 4A) . However, at the restrictive temperature of 37°C, INO1 and GAL1 localized to the nucleoplasm in the cdc28-1 mutant ( Figure 4A ). Therefore, Cdc28 activity is essential for maintaining INO1 and GAL1 at the nuclear periphery.
Cdk1 activity is required for passage through both G1 and mitosis (Piggott et al., 1982; Rudner et al., 2000) . Thus, the loss of peripheral localization upon inactivation of cdc28-1 at stages of the cell cycle during which INO1 and GAL1 normally localize at the nuclear periphery suggests that Cdk activity promotes peripheral localization. However, it was also possible that the arrested state in the cdc28-1 mutant, or the inactivation of the kinase for Ͼ2 h might indirectly affect targeting of genes to the nuclear periphery. To examine the more immediate effects of inactivating Cdc28 at a stage of the cell cycle when INO1 and GAL1 were localized at the nuclear periphery, we first trapped the cdc28-1 cells in mitosis using nocodazole before shifting them for 30 min to the restrictive temperature. In nocodazole-arrested cdc28-1 cells (Brickner and Walter, 2004). at the permissive temperature INO1 and GAL1 localized to the nuclear periphery ( Figure 4B ). However, when nocodazole-arrested cdc28-1 cells were shifted to 37°C to inactivate Cdc28, localization of INO1 and GAL1 to the nuclear periphery was lost ( Figure 4B ). This loss of peripheral localization was not observed in a cdc28-1 mutant complemented with a plasmid expressing wild-type CDC28 (Figure 4, C and D) . Therefore, Cdk1 activity is essential for localizing INO1 and GAL1 at the nuclear periphery.
Phosphorylation of Nup1 by Cdk1 Controls Cell Cycleregulated Targeting of Genes to the Nuclear Periphery
A number of proteins within, or associated with, the NPC are required for targeting of active INO1 and GAL1 to the nuclear periphery (Casolari et al., 2004; Schmid et al., 2006; Brickner et al., 2007; Luthra et al., 2007; Ahmed et al., 2010) . We hypothesized that phosphorylation of one or more of these proteins might regulate this function during the cell cycle. Nup1 is required for peripheral targeting of both INO1 and GAL1 (Cabal et al., 2006; Ahmed et al., 2010) . Nup1 is an FXFG repeat protein that associates with the nucleoplasmic face of the NPC . Cdk1 phosphorylates Nup1 in vitro and in vivo ( Figure 5A ; Ubersax et al., 2003; Holt et al., 2009) . However, Nup1 is phosphorylated on at least 31 sites in vivo by several kinases (Li et al., 2007; Smolka et al., 2007; Albuquerque et al., 2008) , making it difficult to unambiguously assess the phosphorylation state of the full-length protein. Furthermore, in no case is the functional significance of these modifications known. We identified two sites in the amino terminus of Nup1 that match the Cdk consensus: S/TPXK. To determine if phosphorylation of these sites is important for targeting of INO1 and GAL1, we introduced cysteine residues in place of the phosphoacceptor sites (⌬P1 ϭ S161C; ⌬P2 ϭ T344C). Neither mutation alone had an effect on localization of INO1 or GAL1 ( Figure 5, B and D) . However, the ⌬P1⌬P2 double mutant form of NUP1 failed to complement the defect in peripheral targeting of both INO1 and GAL1 observed in the nup1⌬ mutant ( Figure 5, B and D) . This mutant form of Nup1 was able to complement the temperature-sensitive phenotype of the nup1⌬ mutant (Supplementary Figure S4 ), suggesting that it was not simply a null mutation. This suggests that phospho-Nup1, modified at either S161 or T344 is essential for localization of active genes to the nuclear periphery.
Loss of phosphorylation sites 1 and 2, loss of Cdk1 activity and induction of the Cdk inhibitor Far1 disrupts targeting of active INO1 and GAL1 to the nuclear periphery. These results suggest that dephosphorylation of sites 1 and 2 during S-phase leads to loss of peripheral targeting. If so, then constitutive phosphorylation of either site 1 or 2 should support targeting of INO1 and GAL1 to the nuclear periphery, even during S-phase. To test this idea, we introduced aspartic acid residues in place of each of the phosphorylated residues. Introduction of phosphomimetic (PM) aspartic acid residues in place of either S161 (PM1) or T344 (PM2) in Nup1 complemented the nup1⌬ mutant defect in localization of INO1 and GAL1 ( Figure 5, B and D) . Furthermore, expression of either Nup1-PM1 or Nup1-PM2 resulted in INO1 and GAL1 localization at the nuclear periphery in small-budded cells ( Figure 5 , C and E). This effect was dominant when the PM mutant forms of Nup1 were expressed in a strain also expressing wild-type NUP1 (Supple- ) or GAL1 (D) localization at the nuclear periphery in an asynchronous population grown under activating conditions. nup1⌬ cells were transformed with integrating plasmids expressing the indicated alleles of NUP1. ⌬P1 ϭ S161C, ⌬P2 ϭ T344C, PM1 ϭ S161D, and PM2 ϭ T344D. (C and E) Effect of phosphomimetic NUP1 mutations on localization of INO1 (C) or GAL1 (E) in small-budded cells grown under activating conditions. Cells expressing either wild-type NUP1, NUP1-PM1, or NUP1-PM2 were scored for localization of INO1 (C) or GAL1 (E) in small-budded cells. The blue, hatched line represents the level of colocalization of the lac repressor spot with the nuclear envelope predicted by chance (Brickner and Walter, 2004). mentary Figure S4 ). Thus, mimicking phosphorylation of either S161 or T344 is sufficient to override the cell cycle regulation of gene recruitment, allowing peripheral localization of INO1 and GAL1 during S-phase.
If S161 and T344 in Nup1 is the only target of Cdc28 phosphorylation that affects gene targeting, then the defect in gene localization in the cdc28-1 mutant should be suppressed by either of the dominant PM mutations in Nup1.
To test this idea, we transformed a cdc28-1 strain with plasmids expressing either NUP1-PM1 or NUP1-PM2. Cells were arrested in mitosis with nocodazole and then shifted to the restrictive temperature for 30 min to inactivate Cdc28. In the cdc28-1 control, localization of INO1 and GAL1 to the nuclear periphery was lost after cells were shifted to the restrictive temperature ( Figure 6, A and B) . However, in cdc28-1 cells expressing either Nup1-PM1 or Nup1-PM2, localization of INO1 and GAL1 to the nuclear periphery was maintained ( Figure 6, A and B) . Therefore, phosphomimetic mutations at either of the Cdk sites in Nup1 are sufficient to bypass the requirement of Cdc28 in peripheral targeting. This suggests that phosphorylation of Nup1 by Cdc28 is required for peripheral targeting of active INO1 and GAL1 and this phosphorylation is lost during S-phase. Furthermore, Nup1 is apparently the only substrate of the kinase that is essential for localization of these genes at the nuclear periphery.
Recently Repressed Genes Localize to the Nuclear Periphery throughout the Cell Cycle After repression, INO1 and GAL1 remain at the nuclear periphery for several generations, primed for reactivation (Brickner et al., 2007) . We have recently discovered that the mechanism controlling localization of active INO1 to the nuclear periphery is different from the mechanism controlling localization of recently repressed INO1 to the nuclear periphery. The DNA zip codes responsible for targeting of active INO1 to the nuclear periphery are not required to maintain the gene at the nuclear periphery after repression. Retention of recently repressed INO1 requires a distinct DNA element that confers a distinct interaction with the NPC (Light et al., in press ). We next asked if the localization of recently repressed INO1 and GAL1 at the nuclear periphery was also regulated through the cell cycle. We shifted cells from activating conditions to repressing conditions for 3 h, classified them according to their bud morphology and quantified the fraction of cells in which INO1 or GAL1 localized at the nuclear periphery. Unlike active INO1 and GAL1, recently repressed INO1 and GAL1 localized to the nuclear periphery in all stages of the cell cycle ( Figure  7A ). Likewise, in a synchronized population of newly born daughter cells (purified by centrifugal elutriation), whereas active INO1 lost peripheral localization after ϳ45 min, recently repressed INO1 remained at the nuclear periphery ( Figure 7B ). Finally, we asked if Cdk1 phosphorylation of Nup1 affected the localization of recently repressed INO1 at the nuclear periphery. Localization of recently repressed INO1 at the nuclear periphery required Nup1 ( Figure 7C ). However, loss of the two Cdk phosphorylation sites in Nup1 that are essential for targeting active INO1 to the nuclear periphery had no effect on the localization of recently repressed INO1 to the nuclear periphery ( Figure 7C ). Thus, the phosphorylation of these sites plays a specific role in the cell cycle-regulated targeting of active genes to the nuclear periphery.
DISCUSSION
Genomes of eukaryotic organisms are spatially organized. How spatial organization is achieved, how it impacts genome function, and how it is regulated are not well understood. We have used the recruitment of active genes to the nuclear periphery in yeast as a general model to understand how the localization of individual genes can be determined and controlled. The localization of genes like INO1 to the nuclear periphery is controlled by cis-acting DNA elements that confer a physical interaction with the NPC (Ahmed et al., 2010) . Here we show that phosphorylation of a component of the NPC by cyclin-dependent kinase (Cdk1) is necessary for targeting of active INO1 and GAL1 to the nuclear periphery. Furthermore, our results suggest that Nup1 phosphorylation is lost during S-phase, resulting in relocalization of active INO1 and GAL1 to the nucleoplasm. Therefore cyclic phosphorylation of the NPC by Cdk1 regulates the localization of genes at the nuclear periphery through the cell cycle, perhaps to allow coordination of transcription with DNA replication, DNA repair, and chromosome segregation.
Phosphorylation of the NPC Controls Gene Localization
The complete list of in vivo targets of yeast Cdk1 has begun to be elucidated by both in vitro kinase assays (Ubersax et al., 2003) and in vivo mass spectrometric approaches (Holt et al., 2009) . Cdk1 phosphorylates proteins involved in every aspect of cell biology (Holt et al., 2009) . However, the role of phosphorylation has been described for only a small number of these proteins. Proteins in the NPC and associated transport factors are targets of Cdk phosphorylation in yeast and vertebrates (Favreau et al., 1996; Glavy et al., 2007; Lusk et al., 2007) . Phosphorylation of the NPC regulates nuclear transport of mRNA and proteins (Kehlenbach and Gerace, 2000; Makhnevych et al., 2003) and the disassembly of the NPC during mitosis (Onischenko et al., 2005) . Here we show that Cdk phosphorylation of an NPC protein also regulates the localization of genes within the nucleus. It is not clear how the NPC promotes gene targeting to the nuclear periphery. Previous work suggests that many proteins associated with the nucleoplasmic "basket" are essential for gene recruitment to the nuclear periphery (Cabal et al., 2006; Brickner et al., 2007; Luthra et al., 2007; Ahmed et al., 2010) . Proteins in this structure such as Nup1, Nup2, Nup60, Mlp1, Mlp2, and associated factors may constitute the structure to which genes are targeted by specific adaptor proteins that recognize DNA zip codes. Nup1 is a member of a family of proteins composed of natively unstructured FxFG repeat domains that determine the selective permeability barrier of the NPC (Denning et al., 2003; Strawn et al., 2004; Frey and Gorlich, 2007) . We find that phosphorylation of this protein on either of two sites is required for targeting of active genes to the nuclear periphery. This suggests either that the adaptor proteins that are responsible for targeting active genes to the nuclear periphery interact with Nup1 in a phosphorylation-dependent manner or that the structure to which these genes is recruited is phosphorylation-dependent. Importantly, targeting of recently repressed INO1 to the nuclear periphery, which also requires Nup1 but is not regulated through the cell cycle, did not require the phosphoacceptor sites in Nup1. Therefore, the function of the NPC in targeting genes under some conditions, but not others, requires Nup1 phosphorylation by Cdk.
Cdk1 Phosphorylation of Nup1
It is somewhat surprising that phosphorylation of S161 and T344 is apparently lost during S-phase. Cdk1 activity is relatively high during S-phase and peaks during mitosis (Morgan, 1997) . This suggests either that S-phase cyclins (Clb5 and Clb6 in yeast) do not efficiently promote Cdk1 phosphorylation of Nup1 on these sites or that a phosphatase is active during S-phase. Two results support the former possibility. First, activation of the Far1 Cdk inhibitor was sufficient to cause INO1 to localize in the nucleoplasm during G1 phase. Second, inactivation of Cdk1 in cells arrested during mitosis caused INO1 and GAL1 to lose peripheral localization. Therefore, phosphatases capable of dephosphorylating Nup1 are active during G1 and M. This suggests that the G1 cyclins (Cln1, Cln2, and Cln3) and the G2/M cyclins (Clb1, Clb2 and Clb3) promote Cdk1 phosphorylation of Nup1, whereas the S-phase cyclins do not. In combination with a constitutive level of phosphatase activity, this scenario would result in a drop in the net phosphorylation of S161 and T344 during S-phase.
If Cdk1-mediated control of Nup1 function in gene recruitment were important for fitness, then the S161 and T344 sites should be conserved. We compared the sequences of Nup1 from several closely related or more divergent Saccharomyces species. Nup1, like many natively unstructured proteins, is not highly conserved, even among Saccharomyces species (Cliften et al., 2003; Kellis et al., 2003) . However, the Cdk consensus sequences at S161 and T344 were conserved both among closely related species (S. bayanus, S. paradoxus, and S. mikatae) and a more distantly related species (S. castellii; Figure S5 ). The conservation of these sites suggests that Cdk1 phosphorylation and the regulation of gene recruitment is adaptive.
In mutant cells lacking Sic1, we did not observe cycling in the localization of INO1 at the nuclear periphery ( Figure 3 ). As mentioned above, because Sic1 levels drop to allow cells to enter S-phase, we do not think that this phenotype reflects a direct role for Sic1 in regulating phosphorylation of Nup1. We propose that, in cells lacking Sic1, the levels of Cdk activity are elevated throughout the cell cycle, leading to increased phosphorylation of Cdk targets, perhaps reducing the fraction of Nup1 that is dephosphorylated during Sphase. Alternatively, the duration of the period during which Nup1 is ordinarily dephosphorylated could be much shorter in the sic1⌬ mutant, making it difficult to observe in a population of cells. . Recently repressed genes localize to the nuclear periphery throughout the cell cycle. (A) Strains having the lac operator array integrated either at INO1 or GAL1 were shifted from activating conditions to repressing conditions. After 3 h, cells were harvested, fixed, and processed for immunofluorescence. Cells were classified according to their bud morphology as in Figure 1 and, within each class, the percentage of cells in which the gene localized at the nuclear periphery was determined. (B) Newly born daughter cells having the lac operator array integrated at INO1 were purified by centrifugal elutriation under activating conditions or after 3 h of repression. Cells were harvested at the indicated times after elutriation, fixed, and processed for immunofluorescence. (C) nup1⌬ cells having the lac operator array integrated at INO1 were transformed with either a vector, wild-type NUP1 or nup1⌬P1⌬P2. Cells were harvested either under activating conditions or after 3 h of repression, fixed, and processed for immunofluorescence. The blue, hatched line represents the level of colocalization of the lac repressor spot with the nuclear envelope predicted by chance (Brickner and Walter, 2004) .
Genome-Wide Changes in Spatial Organization during the Cell Cycle
Tethering of yeast telomeres to the nuclear envelope is lost during G2 (Laroche et al., 2000; Hediger et al., 2002; Ebrahimi and Donaldson, 2008 ). Here we have identified a new type of cell cycle regulation of DNA localization. We find that active genes lose their peripheral localization during a 20 min period during S-phase, corresponding to about one-fifth of the cell cycle. This observation provides a partial explanation for the fact that active genes localize at the nuclear periphery in fewer cells than an artificially tethered locus (Brickner and Walter, 2004) . This may also explain why previous work using high-throughput localization of the active GAL1 gene found that it had two distinct patterns: one in the nucleoplasm and one at the nuclear periphery in populations of asynchronous cells (Berger et al., 2008) .
The mechanisms leading to loss of peripheral localization of telomeres and active genes are related but distinct. The loss of peripheral localization of telomeres follows DNA replication and is due to the loss of Ku binding (Laroche et al., 2000; Hediger et al., 2002; Ebrahimi and Donaldson, 2008) . The timing of telomere release from the nuclear envelope is determined by the timing of DNA replication, but is not caused by DNA replication (Ebrahimi and Donaldson, 2008) . The localization of active genes to the nucleoplasm during S-phase follows the initiation of DNA replication, but is not simply a consequence of DNA replication. Loss of peripheral localization of active genes represents specific regulation of gene targeting through the cell cycle. Cyclic phosphorylation of a single nucleoporin by Cdk1 provides a mechanistic connection between the master regulator of the cell cycle and gene targeting.
These two examples suggest that the localization of different parts of the genome within the nucleus is carefully orchestrated during different phases of the cell cycle. The function of these cell cycle-regulated changes in genome architecture is unclear. Collapsed or paused DNA replication forks are enriched over highly transcribed genes like GAL1 (Azvolinsky et al., 2009) , presumably because of physical interference between transcription and DNA replication. Furthermore, sites of DNA damage are targeted to the NPC (Nagai et al., 2008) . Therefore, it is possible that loss of peripheral localization of highly transcribed genes like INO1 and GAL1 allows better access of damaged parts of the genome to the repair machinery at the NPC during S-phase. In this way, loss of peripheral localization of transcriptionally active genes during S-phase might allow better coordination of transcription with DNA replication and repair.
